The Ty transposable elements of Saccharomyces cerevisiae form a heterogeneous family within which two broad structural classes (I and II) exist. The two classes differ by two large substitutions and many restriction sites. We show that, like class I elements a class II element, Tyl-17, also appears to contain at least two major protein coding regions, designated TYA and TYB, and the organisational relationship of these regions has been conserved. The TYA genes of both classes encode proteins, designated pi proteins, with an approximate molecular weight of 59 Kd and, despite considerable variation between the TYA regions at the DNA level, the structures of these proteins are remarkably similar. These observations strongly suggest that the pi proteins of Ty elements are functionally significant and that they have been subject to selection.
INTRODUCTION
The yeast Ty element is a member of a class of eukaryotic transposons that resembles retroviral proviruses in both structure and functional expression strategies (1, 2, 3 ) . It is unusual, however, in that the sequence family that comprises some 30-35 copies of the element in most laboratory strains exhibits marked heterogeneity (4) . Ty elements isolated to date appear to fall into two major classes (I and II) that differ by two large substitution loops in EM heteroduplex analysis (4, Figure 1 ) . Within these classes there are minor restriction site variations. The superficially similar copia-like elements in Drosophila do not show such variation (5) . Different Ty elements may encode different, perhaps complementing activities, some elements may be functional while others are not or class I and II elements may be diverging into independent elements. In order to address these alternatives we are analysing the structure and function of different elements; for example if some Ty elements are non-functional we might expect loss of an ordered genetic organisation in those elements.
Ty elements are about 5.9 kb in length with direct 340 bp terminal repeats, called delta sequences, flanking an internal 5.2 kb epsilon region (6). A major 5.7 kb transcript starts about 240 bp into the left or 5 1 delta and ends 290 bp in the 3' delta (7; Figure la) . A typical class I element, Tyl-15 (4; Figure la ) contains two open reading frames, previously designated ORF1 and ORF2 (2) . These have been shown to encode proteins ^n_ vivo (2, 8) and have therefore been given the gene designations TYA15 and TYB15. TYA15 extends from nucleotide 299 to 1619 and encodes a 50 Kd basic protein, pl(Tyl-15), iji vivo (8) . TYB15 begins with an ACA (threonine) codon at nucleotide 1581 and extends for at least 500 bp in Tyl-15. The entire nucleotide sequence of an element very similar to Tyl-15 has recently been determined by Hauber ejt a_l (1) and in this element TYB extends to the end of the epsilon region. TYA15 and TYB15 overlap by 38 nucleotides and are in different reading frames. TYB15 is expressed as a fusion protein, p3(Tyl-15) (Mellor e_t al., manuscript in preparation) with most, if not all, of TYA15 at the N-terminus (2) . This fusion involves a frameshift in the region of the overlap of the ORFs (2) . The region of Tyl-15 which contains TYA and the overlap junction between TYA and TYB shows no homology in a heteroduplex with a typical class II element, Tyl-17 (4; Figure la ). This might imply either that TYA is not functionally significant to Ty elements and is therefore not conserved, or that the different Ty elements encode entirely different proteins which are important but have no functional correlation. Another possibility is that not all Ty elements have conserved open reading frames, for example the class II elements could be non-functional. Alternatively, the lack of homology at the DNA level may not be reflected in primary or secondary structural features of the proteins.
In this paper we present an analysis of the gene expression of this region of non-homology in a class II element, Tyl-17. The aim is to show the relationship between class I and class II Ty elements and to infer biological significance of the TYA regions from this comparison. We show that, as in Tyl-15 (8) the TYA region of Tyl-17 encodes a protein in vi^vo. We also demonstrate that, despite considerable variation between class I and class II elements at the DNA sequence level, the encoded proteins from the TYA regions show extensive structural homology and the relationship of the TYA and TYB regions has been The diagram at the top shows the general organisation of a Ty element and its major transcript.
A 9.6 Kb Hindlll fragment containing Tyl-15 and a 7.2 Kb EcoRI fragment containing Tyl-17 are shown with a schematic diagram of the heteroduplex formed between the two elements (4).
b. The genetic organisation of Tyl-15. The long arrow marks the major transcript and the two major open reading frames TYA15 and TYB15 are shown.
The two primary translation products of Tyl-15, pi(Tyl-15) and p3(Tyl-15) are also marked.
H » Hindlll; X » Xhol; Pv = PvuII; P =» PstI; Bg -Bglll; S = Sail; K -Kpnl; C = Clal; R = EcoRI; Sa = Sad; Xb = Xbal; B = BatnHI. Closed boxes = the long terminal repeat delta sequences.
conserved. The data strongly suggest that both classes of Ty elements encode functional proteins that have been subject to selection.
MATERIALS AND METHODS
Bacterial and yeast strains and media E.coli strain AKEC28 (C600 thrC leuB6 thyA trpC1117 hsdRk hsdMk) was used for plasmid manipulation and preparation.
Saccharomyces cerevisiae strain MD4O-4c » ura2 trpl leu2-3 Ieu2- 
DNA isolation
Plasmid DNA was isolated as described by Chinault and
Carbon (11).
Mini preparations of plasmid DNA were according to Holmes and Quigley (12).
Yeaat transformation
The method of Hinnen e_t aJL(13) was used.
Enzymes and fragment purification
Enzymes were purchased from BRL and used according to the manufacturers instructions. DNA fragments were purified from agarose gels by the method of Tabak and Flavell (14) . Thick line » region sequenced and reported previously (28) .
Restriction fragments are marked with arrows to show the extent of the sequence obtained from each fragment.
b. Strategy used in the Manchester laboratory. The extent of the sequence obtained from random fragments is marked by arrows. change (MBC) alignment of the protein sequence was carried out using the BAZCOD programme of P.J. Artymiuk, Department of Molecular Biophysics, Oxford (personal communication). Secondary structure predictions were performed according to three methods as described by Chou and Fasman (20) , Garnier e_t al. (21) and Lim (22) . In Manchester variations of Staden's programmes were used to analyse the nucleotide sequence data (23, 24) . Yeast extracts and protein gels [ 35 SJMethionine-labelled protein extracts of whole yeast cells were prepared as previously described (25) . Gels were run according to Laemmli (26) . Ty protein nomenclature In the first publication describing a Ty encoded protein (8) we designated that protein p52(Tyl-15) because it was encoded by Tyl-15 and it had a mobility in polyacrylamide gels corresponding to a molecular weight of 52 Kd. However subsequent studies have shown that the mobility of this protein and the mobilities of some other Ty encoded proteins (Mellor et a_l.,manuscript in preparation) are sensitive to gel running conditions. A nomenclature based on a diagnostic gel mobility is therefore unreliable and may lead to confusion or spurious identification of 'new' proteins. We propose and use in this paper a nomenclature in which proteins are designated pi to pN, in order of their identification, followed by the name, in parentheses, of the Ty element that encodes the particular protein. Protein p52(Tyl-15) therefore becomes pl(Tyl-15) and the Tyl-17 protein identified in this paper is designated pl(Tyl-17).
RESULTS

Tyl-17 encodes a protein
Because of the heterogeneity of the Ty element family the expression of the endogenous elements can not be readily analysed. To overcome this problem we have inserted individual elements into the high efficiency expression vector pMA91 (25) , this approach allowed us to identify pl(Tyl-15), the product of TYA15, on SDS-polyacrylamide gels (8) . The same approach was used with Tyl-17.
Plasraid pMA91 is a pBR322 derivative containing the yeast 2u plasraid origin of replication, the LEU2 selectable marker and the 5' 'promoter' and the 3' 'terminator' regions of the yeast phosphoglycerate kinase (PGfC) gene. Between the 'promoter' and 'terminator' regions is a unique Bglll 'expression' site ( Figure 4b) . Insertion of a variety of coding sequences at this site has resulted in high level expression of authentic proteins in yeast (25, 27) . Three fragments of Tyl-17, designated 13, 15 and 16, were constructed (see Materials and Methods). These fragments are 5' coterrainal at the Ty RNA start region and extend for 5.5, 2.85 and 1.45 kb respectively (Figure 4a ).
The three fragments were inserted into the Bglll expression site of pMA91 to produce plasmids pMA91-13, pMA91-15 and pMA91-16. Yeast strain MD4O-4c was transformed with these plasmids to leucine independence to produce transformants T91-13, T91-15 and T91-16. Plasmid copy number in these transformants is about 100 and Tyl-17 homologous RNA levels are approximately 20-fold higher than the level encoded by the 35 endogenous copies of Ty (data not shown; 8). In order to determine the genetic organisation of this region of Tyl-17 and the primary sequence of pi(Tyl-17) the nucleotide sequence of the first 2.0 kb of Tyl-17 was obtained.
The sequence was determined independently by both the Oxford and Manchester laboratories (see Materials and Methods) and both sets of results were identical. The sequence of the first 1630 nucleotides of the element compared with the sane region of Tyl-15 is shown in Figure 6 . The two sequences have been aligned to match the alignment of the amino acid sequences of the proteins encoded by these regions (see later; Figure 7 ). The delta sequences of these two elements are very similar and have been compared previously (28) .
The first striking feature of the Tyl-17 sequence is the presence of an open reading frame (ORF) extending from nucleotide 1 (Figure 6) The coding sequence is therefore designated TYA17. TYA15 and TYA17 are about 64% homologous in the relative positions shown in Figure 6 .
However the homology is dispersed with the longest stretch of continuous homology being the 26 residues from 54 to 79. The dispersed but discernable homology suggests that the difference between the two genes arose primarily by the TTTT  AAAAAAATTTT  AAAAAA  bbbbbTTT-1111 I 11 1 -TTT TT  TTTT--bbbbbbb--AAAA  AAAAAATTTTTTTT  nailll  AAAAAAAA AAAAAA-BBBBB  TTTT-TTT TTT TTT-TTTT-BBBBBBB  TTTT   AAA  TTBBBBB  BBBBBTTTTT  -TTTTT-TTTT--TTTT  AAAAAAAA  BBBBBBBB-TTTTTT-TTBBBBB  BBBBBTTTTT  TTTTTTTTTT-TTTT  TTTT-TTTT  BBBB  TTT  BBBBBBBBBTTTTT-TTTT-AAAAAAAAAAAABBBBBB  BBBBBBBBBBBBBBBB-AAAAAAA  AAAAAAAAAATTTTT-TTTBBBBBBBBBBBBB-TT  -TTTT  BBBBBBBBBBTTTT  BBBBBBBBBBBBBB-AAAAAAAAAAAAAABBBBBBBB-TTTT  BBBBBBBBB Exceptions, where only one method predicted structure and the others predicted no structure, are represented by lower case letters.
The sequence of pl(Tyl-17) is the upper line and pl(Tyl-15) is the lower line.
Numbering corresponds to amino acid residues aligned as in F igure 7.
same. This second ORF is the TYB gene that has been shown to extend to the end of a Tyl-15-like element (1).
When both nucleotide sequences are aligned, as in Figure 6 , to maximise protein sequence homology, TYB15 and TYB17 start at the same place.
TYB15 overlaps TYA15 by 38 nucleotides and TYB17 overlaps TYA17 by 44 nucleotides.
In both cases TYA and TYB are out of phase with respect to translational reading frame.
The amino acid sequences of TYA15 and TYA17 are compared in Figure  7 . The sequences are aligned by a minimal base change analysis. This analysis suggests that maximum alignment is achieved if a deletion/insertion of four residues occurs at residue 134 to 137.
On the basis of this alignment, the two proteins display 48% sequence identity with 52% of the remaining substitutions being relatively common changes (29) . This level of similarity is comparable with other structurally related protein families. For example, there is 60-70% sequence identity observed in the structurally conserved beta-barrel framework regions of different immunoglobulin Fab fragments (P.de la Paz, unpublished results) The Ty proteins are therefore broadly similar. The proteins are of a similar size, pi (7.8) and ami no acid composition and their coding sequences have a relatively low Bennetzen and Hall (30) codon bias index (0.31) indicating that TYA17 and TYA15 may not be expressed efficiently. In order to extend this comparison both amino acid sequences were subjected to a three way (see Materials and Methods) secondary structure prediction calculation (Figure 8 ). The structural predictions suggest that: 54% of the residues in the two proteins can be assigned secondary structure; secondary structure is conserved in about 60% of the residues; the proteins belong to the alpha/beta class. Main areas of difference occur at residues 266-276 and 380-385 but otherwise the distribution of secondary structure features is remarkably similar.
DISCUSSION
We have set out to establish whether two Ty elements, Tyl-15 and Tyl-17, which show the maximum differences observed to date (4) share any features of their gene products and expression strategies. In order to assess any eukaryotic gene expression strategy it is essential to analyse gene products as well as nucleic acid sequence because DNA sequence information alone cannot predict, for example, splicing or frameshifting. This is particularly pertinent to Ty elements as a complex frameshifting event has already been demonstrated as part of the expression strategy of the TYB region of Tyl-15 (2) . In order to analyse Tyl-17 gene products we have inserted various parts of the element into a high efficiency yeast expression vector. We have shown that a 1.45 kb fragment (fragment 16) containing part of the 5 1 delta and part of the epsilon region of Tyl-17 directs the production of a 50 Kd protein, pl(Tyl-17). This fragment spans a region of the element which has no apparent homology to Tyl-15 in electronmicroscopic heteroduplex analyses (4) yet Tyl-15 also encodes a 50 Kd protein, pl(Tyl-15), in this region (8) .
Nucleotide sequence data revealed single long open reading frames in both Tyl-15 (2) and Tyl-17 that could encode these proteins suggesting that the pi proteins are the simple primary translation products of these regions. A comparison of the nucleotide sequences reveals many base changes which account for the lack of heteroduplex formation (4). The most striking feature is, however, the high degree of structural homology when the araino acid sequences of the pi proteins are compared. The two proteins are homologous at 48% of the araino acid positions and there ate many conservative changes. The similarity is further emphasised by the distribution of secondary structural features. The finding that the structure of the pi proteins of Ty elements has been conserved, despite considerable variation in their DNA sequences, strongly suggests that selection has acted on them. These observations provide, therefore, the first indication that the proteins encoded by these elements have function. This argument therefore dispels the idea that Ty elements are 'junk' DNA and raises questions as to the nature of the functions of Ty proteins and the level at which selection for these functions acts. Whatever the function of the pi proteins, selection for their structural conservation could operate at one or both of two levels.
The pi proteins may confer on the organism a phenotype that is subject to selection. Massive overproduction of either pl(Tyl-15) or pl(Tyl-17) alone does not result in any apparent change in phenotype (unpublished data).
However, in a limited laboratory environment the 'correct' phenotype may not have been tested.
High level expression of the TYB regions is in fact toxic (unpublished data).
A second possiblity is that Ty has no effect on its 'host' and that selection for Ty-encoded functions operates at the genomic level within the broad terms of the concept of •selfish DNA' (31, 32) .
The Ty element would only 'require' preservation of its transposition functions to maintain a controlled exploitation of the yeast genome and it would be this 'requirement' that would be the selective force for structural, and thereby functional, conservation of its proteins.
Given the conservation observed at the protein level it is somewhat curious that the Ty elements show such marked DNA sequence heterogeneity. The 35 copies of the element in the haploid genome of most laboratory strains of yeast have been shown to interact readily by gene conversion (6), a process that can lead to homogeneity in the absence of a counteracting process that generates diversity at a relatively high rate.
In considering mechanisms that may generate diversity, and given the similarities of retroviruses and Ty elements (1,2,3) it may be useful to think of the Ty element as an endogenous retrovirus that cannot be transmitted horizontally.
Its dissemination, therefore, is either vertical or by spreading within its host genome by transposition.
This would be achieved via an RNA intermediate that would be reverse transcribed prior to integration.
Reverse transcriptase is a highly error prone enzyme (33) generating mistakes at frequencies as high as 1 per 500 nucleotides and, therefore, could be the major factor in generating diversity amongst Ty elements. However, this argument is not entirely satisfactory as it does not explain why the copia-like elements are highly conserved even though one would expect these elements to move via reverse transcriptase nor does it provide a mechanism for conservation of structure when considerable variation is maintained within a single sequence family. It may be more appropriate to think of the class I and class II elements as sub-families.
Clearly the conservation of pi proteins implies that they have a key role in Ty biology. At present that role is unknown but the striking similarities between Ty elements and retroviruses suggests that a search for nucleic acid packaging and RNA-dependent and DNA-dependent polymerase activities might be appropriate.
